11  rS 


RESPONSES  OF  IMMATURE 
BLACKFLIES  (DIPTERA:  SIMULNDAE) 
TO  EXPERIMENTAL  PULSES  OF  ACIDITY 


OCTOBER  1991 


Environment 
Environnement 


Ontario 


ISBN  0-7729-8949-4 


RESPONSES  OF  IMMATURE  BLACKFLIES  (DIPTERA:    SIMULIIDAE) 
TO  EXPERIMENTAL  PULSES  OF  ACIDITY 


Report  prepared  by: 

CM.  Chmielewski 
Trent  University,  Peterborough,  Ontario 

R.J.  Hall 
Environmental  Sciences  and  Standards 

Water  Resources  Branch 
Ontario  Ministry  of  the  Environment 


OCTOBER  1991 

o 

PRINTED  ON 

RECYCLED  PAPER 

IMPRIME  SUR 

DU  P4PIER  RECYCLE 

Cette  publication  technique 
n'est  disponible  qu'en  anglais. 

Copyright:  Queen's  Printer  for  Ontario,  1991 

This  publication  may  be  reproduced  for  non-commercial  purposes 

with  appropriate  attribution. 


PIBS  1718 


ABSTRACT 

An  investigation  to  determine  the  responses  of  immature  blackflies  to  experimental  pulses  of  acidity  simulating 
snowmelt  episodes  was  conducted.  Five  species  of  mature  blackfly  larvae  were  subjected  to  three  or  four  day 
experimental  pH  depressions  to  ca.  4.0  or  3.5  in  stream  channels.  Differences  among  species  in  response  to 
acidity  were  observed.  All  species  except  Simitlium  vinatum  and  possibly  S.  venustiim  were  able  to  tolerate  pH 
depressions  to  ca.  4.0  while  only  Cnephia  dacotensis  and  possibly  S.  decorum  were  able  to  tolerate  pH 
depressions  to  ca.  3.5.  The  survival  of  the  larvae  (only  late  instars  were  tested)  was  significantly  affected  by  the 
acidity  while  pupal  survival  generally  was  not.  The  rate  of  pupation,  however,  was  decreased  in  the  acidified 
channels  resulting  in  decreased  emergence  there  also.  More  abnormally  formed  pupae  developed  in  the  acidified 
channels,   suggesting  that  pupation  following  snowmelt  ensures  survival  of  these  species. 


INTRODUCTION 

The  release  of  sulphur  and  nitrogen  oxides  into  the  atmosphere  by  the  burning  of  fossil  fuels  has  been  designated 
the  major  cause  for  increased  hydrogen  ion  content  of  precipitation  in  recent  years  (Galloway  et  al.  1976,  Likens 
et  al.  1979).  Furthermore,  this  increased  acidity  of  atmospheric  deposition,  both  wet  and  dry,  has  been  linked 
to  the  corresponding  acidification  of  freshwater  systems  in  Finland  (Haapla  et  al.  1975),  Norway  (Gjessing  et  al. 
1976,  Wright  et  al  1976,  Henriksen  and  Wright  1977),  Sweden  (Aimer  et  al.  1974,  Oden  1976,  Hultberg  and 
Wenblad  1980),  northeastern  United  States  (Cogbill  and  Likens  1974,  Hendrey  et  al.  1980),  and  eastern  Canada 
(Beamish  1976,  Conroy  et  al.  1976,  Jefferies  et  al.  1979).  The  most  pronounced  pH  depressions  in  stream 
ecosystems  occur  as  a  result  of  hydrogen  ion  pulses  during  rain  storms  and  especially  during  snowmelt.  With 
the  onset  of  snowmelt  run-off,  stream  pH  levels  have  dropped  from  circumneutral  to  as  low  as  3.9  in  Ontario 
(Harvey  1980).  These  reductions  can  occur  within  hours  and  may  alter  benthic  communities  long  before  chronic 
acidification  has  been  detected  (Servos  and  Mackie  1986). 

The  effects  of  lowered  stream  pH  on  most  stream  biota  are  well  documented,  including  such  groups  as  mayflies, 
stoneflies,  caddisfhes  and  chironomids  (e.g..  Bell  1971,  Sutcliffe  and  Carrick  1973,  Hall  et  al.  1980,  Raddum  and 
Fjellheim  1984,  MacKay  and  Kersey  1985,  Hall  and  Ide  1987),  but  our  knowledge  of  the  effects  of  episodic  pH 
depressions  on  blackflies  (Diptera  :  Simuliidae)  is  decidedly  scarce.  Some  studies  have  indicated  that  blackflies 
may  be  more  tolerant  of  increased  acidity  than  many  of  their  stream  co-habitants  (Simpson  et  al.  1985,  Sharpe 
et  al.  1987,  Hall  et  al.  1980,  Bernard  et  al.  1989,  Hopkins  et  al.  1988).  In  particular,  Chmielewski  (1989)  reported 
an  increase  in  blackfly  emergence  with  increased  acidity  over  a  50-year  time  span.  Furthermore,  MacKay  and 
Kersey  (1985)  reported  abundant  blackflies  in  acid  streams  in  the  Dorset,  Ontario  area,  and  Hall  et  al.  (1988) 
showed  that  P.  fuscum/mixtwn  complex  was  not  affected  when  exposed  to  short-term  pulses  of  acidity  in 
experimental  transplants  near  Dorset.  However,  only  a  few  studies  have  identified  blackflies  to  species  (Stoner 
et  al.  1984,  Simpson  et  al.  1985,  Hall  et  al.  1988),  and  none  have  indicated  toxicity  responses  at  the  specific  level. 


Therefore,  a  question  of  interest  is  how  do  blackfly  immatures  respond  to  short-term  pulses  of  acidity  similar 
to  those  encountered  during  snowmelt?  Based  on  past  surveys,  the  hypothesis  to  be  tested  in  this  research  is 
that  many  blackfly  species  will  be  able  to  withstand  short-term  decreases  in  pH.  Varying  tolerances  to  low  pH, 
explained  in  part  by  different  life  history  strategies,  are  expected  at  the  species  level. 


METHODS 

The  ability  of  different  blackfly  species  to  survive  snowmelt  acid  pulses  was  tested  by  subjecting  larvae  to 
simulated  snowmelt  pH  depressions.  The  artificial  stream  channels  built  by  Serves  and  Mackie  (1986)  and 
located  adjacent  to  the  outflow  of  Plastic  Lake,  Haliburton  County,  Ontario  (45°  11'  lat.,  78°  50'  long.)  were 
modified  and  used  for  the  acidification  experiments  (Fig.  1). 

To  avoid  using  simuliid  immatures  with  an  acquired  resistance  to  acidity,  lar\'ae  were  collected  from  Costello 
Creek,  Algonquin  Park,  Ontario,  a  location  that  has  not  experienced  extreme  spring  pH  depressions  (between 
1984-86  the  maximum  spring  pH  depression  was  5.9,  Hall  and  Ide  1987)  and  has  water  quality,  including  annual 
pH  range,  similar  to  Plastic  Lake  Outfiow  (Findeis  and  Colman  Taylor  1988). 

A  small  concrete  dam  was  constructed  across  Plastic  Lake  outflow  with  a  10-cm  A.B.S.  plastic  overflow  pipe 
leading  to  reservoir  #1  (Rl,  approximately  20  1)  5  m  downstream  and  then  to  the  wooden  plasticized  channel 
system  5  m  farther  downstream.  Here,  the  pipe  divided,  filling  two  larger  reservoirs  (R2  and  R3)  of 
approximately  700  1  each.  All  three  reservoirs  had  overflows.  Reservoir  3  was  acidified  by  mixing  1  N  sulphuric 
acid  with  stream  water  via  a  peristaltic  pump.  This  reservoir  had  a  mixing  cup  and  baffles  to  ensure  complete 
mixing  of  the  acid.  Reservoir  2  contained  a  reference  supply  of  stream  water.  One  7.3-cm  manifold  from  the 
control  and  one  from  the  acid  reservoir  suppUed  three  flow-through  channels  (each  3.1  m  x  28  cm  x  45  cm). 
Water  depth  was  approximately  5  cm.  Mean  discharges  for  the  three  experimental  runs  were  approximately  120 
mL/s,  160  mL/s,  and  390  mL/s,  respectively.  Acidified  and  control  channels  were  chosen  randomly  and  were 
different  for  each  experiment. 

Chambers  were  designed  to  contain  larvae  in  the  stream  channels  while  allowing  water  to  flow  unimpeded 
through  the  charmels  (Fig.  1).  Two  rectangular  holes  were  cut  from  opposite  sides  of  500-mL  cylindrical,  plastic 
containers  and  replaced  with  Nitcx  netting  (430-pm  mesh  for  the  first  experiment  and  250-A/m  for  the  second 
and  third).  To  catch  emerging  adults,  a  6-mm  funnel  was  inverted  and  glued  to  a  lid  with  a  circular  hole  of  the 


same  size.  The  small  end  of  the  fiinnel  protruded  through  a  hole  cut  in  the  bottom  of  a  500-mL  Nalgene  bottle 
and  was  also  glued.  The  emergence  chamber  was  completely  sealed  so  that  emerging  adults  would  fly  through 
the  funnel  and  drop  into  the  Nalgene  bottle  containing  70%  alcohol. 

Rocks,  sticks  and  traihng  vegetation  with  attached  larvae  were  taken  from  all  areas  of  Costello  Creek  to  collect 
the  most  diverse  selection  of  species  as  possible  and  reduce  the  amount  of  manipulation.  They  were  then 
transferred  to  aerated  coolers  filled  with  stream  water.  Larvae  were  carefully  transferred  to  emergence  chambers 
(50  per  chamber)  with  forceps  suspended  with  a  drop  of  water  between  its  arms  and  then  placed  into  wooden 
streamside  channels  within  3-4  hours.  Larvae  greater  than  ca.  0.7  cm  long  were  selected  because  smaller  larvae 
could  escape  through  the  mesh  of  the  chambers.  Larvae  were  not  identified  at  this  point  to  minimize  handling 
effects.   Species  distribution  among  the  chambers  was  not  known  but  assumed  to  be  random. 

Three  runs  of  two  experiments  each  were  conducted  (Table  1).  Starting  dates  were  chosen  on  or  before  peak 
emergence  for  the  greatest  number  of  species,  based  on  eleven  years  of  emergence  data  from  Costello  Creek 
(Davies  1950,  Hayton  1979).  Runs  1,  2  and  3  were  started  on  29  April,  19  May,  and  12  June,  1987,  respectively. 
The  first  run  consisted  of  4  days  at  pH  4.0  and  one  day  at  pH  3.5,  the  second  consisted  of  3  days  at  pH  4.0  and 
one  day  at  pH  3.5  and  the  third  consisted  of  3  days  at  pH  4.0  and  one  day  at  pH  3.5. 

At  the  beginning  of  each  experiment  three  emergence  chambers  were  randomly  placed  in  each  of  six  channels 
(6  channels  x  3  chambers/channel  x  50  larvae/chamber  =  900  larvae).  Larvae  were  allowed  to  acclimate 
overnight  in  the  channels.  Dead  larvae  were  removed  the  following  morning  and  discarded.  The  pH  was  then 
decreased  to  4.0  or  3.5  in  treatment  channels  within  two  hours  and  maintained  at  that  level  until  the  end  of  the 
experiment.  The  chambers  were  checked  daily  and  dead  blackflies  were  removed,  counted  and  preserved  in  95% 
ethanol.  At  the  end  of  each  experiment  the  remaining  emergence  chambers  were  removed  from  the  channels, 
and  the  hve  and  dead  blackflies  preserved. 


Back-transplants  back  to  Costcllo  Creek  were  initiated  to  determine  whether  handling  had  adverse  effects  on 
blackfly  survival.  Six  emergence  chambers  (50  larvae  in  each)  were  returned  to  Costcllo  Creek  on  the  same  day 
of  the  first  collection  of  run  2  (19  May)  and  3  (12  June).  Three  plastic  pails  with  large-mesh  {ca.  1  cm)  screened 
walls  on  opposite  sides  of  the  pails  were  placed  in  the  stream  and  two  emergence  chambers  placed  in  each.  Both 
chambers  were  checked  for  live  and  dead  larvae  when  the  second  collection  per  run  was  made  (3  days  later). 
One  chamber  was  removed  at  this  time  and  the  live  and  dead  blackflies  counted.  Another  chamber  containing 
blackflies  that  had  been  collected  that  day  and  returned  to  the  creek  from  the  laboratory  was  placed  in  each  pail. 
Both  chambers  were  left  imtil  the  end  of  the  Run  (3  more  days)  when  larvae  were  removed  and  counted. 

The  temperature  and  pH  of  Costcllo  Creek  were  taken  at  the  time  of  each  collection,  and  maximum  and 
minimum  stream  temperatures  were  recorded  daily.  pH  of  one  control  channel  and  one  acidified  channel  was 
monitored  at  least  hourly  during  the  day  and  bi-hourly  overnight  twice  during  Run  3.  Discharge  of  each  channel 
was  checked  on  a  regular  basis  (usually  once  per  day),  except  in  Run  2  when  it  was  recorded  only  once. 
Discharge  was  measured  by  catching  the  entire  flow  of  a  channel  in  a  graduated  cylinder  for  10  seconds.  Water 
samples  (one  from  each  channel)  were  taken  at  the  beginning  and  end  of  each  run  for  chemical  analysis  of  pH, 
alkalinity,  total  alimiinum,  conductivity,  calcium,  dissolved  inorganic  carbon,  dissolved  organic  carbon,  and 
sulphate.  At  the  end  of  each  run,  water  samples  were  taken  (from  one  acidified  channel  and  one  control 
channel)  for  analysis  of  cadmium,  copper,  lead,  and  zinc.  All  water  samples  were  analyzed  at  the  Ontario 
Ministry  of  the  Environment  Research  Centre,  Dorset,  Ontario  following  standard  procedures  (LaZerte  1984, 
Locke  and  Scott  1986). 

Blackflies  were  identified  using  keys  of  Davies  et  al.  (1962)  for  the  adults  and  Wood  et  al.  (1963)  for  the  larvae 
and  pupae.  No  attempt  was  made  to  separate  the  species  cytotypically.  Consequently,  the  names  used  refer  to 
morphospecies  only.  At  time  of  identification,  the  head  capsule  of  each  larvae  was  measured  at  its  widest  dorsal 
point  using  an  ocular  micrometer  (accuracy  of  0.025  mm). 


Due  to  variation  in  conditions  among  runs,  each  experiment  was  analyzed  separately  with  qualitative  comparisons 
made  between  experiments.  The  arsine-transformed,  unpooled  survival  data,  weighted  for  number  of  larvae  of 
each  species  in  an  emergence  chamber,  were  analyzed  with  a  nested  analysis  of  variance  to  determine  among- 
chamber  variabihty  in  siu-vival  within  each  species.  Since  the  among-chamber  variation  in  sur\ival  was  not 
significant  (P  =  .10  to  .94),  the  niunber  of  Uve  and  dead  larvae  of  each  species  were  pooled  for  all  emergence 
chambers  within  an  experiment.  Subsequently,  contingency  table  analysis  (2x2)  was  performed  to  determine  if 
acidification  had  an  effect  on  survival  of  each  species.  Additionally,  each  species  was  subdivided  into  life  stages, 
and  survival  of  each  stage  was  analyzed  by  2x2  contingency  tables.  Finally,  to  determine  if  the  response  to  acidity 
was  the  same  for  all  species  in  an  experiment,  repeated  measures  analysis  of  variance  was  performed  on  arsine- 
transformed,  unpooled,  weighted  siu^aval  data.  The  alpha  level  chosen  for  all  statistics  was  0.05. 


RESULTS 

Channel  Conditions 

The  conditions  in  the  channels  were  generally  amenable  to  blackfly  habitation.  Larvae  back-transplanted  to 
Costello  Creek  had  a  lower  survival  rate  than  those  in  control  channels  in  two  out  of  the  three  acidification 
experiments  in  the  artificial  channels  (Chmielewski  1989).  Thus,  it  appears  the  control  water  from  Plastic  Lake 
outflow  was  a  favourable  substitute  for  Costello  Creek  water  but  the  manipulations  may  have  been  a  major  factor 
in  the  low  survival  of  some  of  the  control  blackflies  (Table  2). 

Differences  in  minimum  and  maximum  temperatures  of  reservoir  water  between  each  run  reflect  a  warming 
trend  in  the  stream  as  spring  progressed.  Water  temperature  in  Run  1,  which  began  on  29  April  shortly  after 
snowmelt,  ranged  between  3°  and  23°  C.  Water  temperature  during  Run  2,  which  began  19  May,  ranged  from 
10°  to  18°  C.  The  weather  was  much  cooler  and  wetter  in  the  second  half  of  May  than  the  first.  During  Run 
3  (starting  on  12  June)  the  weather  was  comparably  warmer  as  reflected  in  the  higher  range  of  reservoir 
temperature  (11°  to  26°  C). 

Discharge  was  well  replicated  among  channels  in  experiments  2  (160  mL/S)  and  3  (390  mL/S).  In  Run  1  a  large 
part  of  the  variation  in  discharge  (85%)  occurred  between  acidified  and  control  channels,  with  discharge  rate 
of  control  channels  (128  mL/s,  s.e.  =  1.0)  being  higher  on  average  (nested  ANOVA,  P  =  0.001)  than  acidified 
channels  (113  ml/s,  s.e.  =  2.0).  As  blackflies  are  known  to  have  specific  flow  rate  requirements  (Hopkins  el  al. 
1988),  the  differences  in  flow  may  be,  in  part,  responsible  for  differences  in  survival  between  the  control  and 
acidified  channels  on  Run  1. 

A  general  trend  during  most  experiments  was  that  Al,  Ca,  SO4,  and  conductivity  increased  more  in  acidified  than 
control  channels  (Table  3).  Alkalinity  was  depressed  in  acidified  channels  of  both  Run  1  and  3.  Observed  effects 
of  acidification  on  water  quality  were  less  pronounced  in  Run  2  because  of  difficulty  encountered  in  maintaining 


the  pH  at  depressed  levels  in  the  second  experiment  of  the  run.  Because  of  these  difficulties  the  results  of  that 
experiment  were  discarded.  Both  dissolved  inorganic  and  organic  carbon  increased  sUghtly  in  acidified  and 
control  chaimels  during  each  run  (except  for  DIC  of  Run  3  which  decreased  in  both  acidified  and  control 
chaimels,  Table  3).  Of  the  four  metals  measured  at  the  end  of  each  run  (Table  3),  only  zinc  had  consistently 
higher  concentrations  in  acidified  channels.  Copper  may  have  been  mobilized  in  acidified  channels,  and  cadmium 
and  lead  were  always  at  or  near  minimum  detection  limits. 

Development  and  Survival  of  Blackflies  under  Acidic  Conditions 

Because  of  the  random  nature  of  the  collection  and  distribution  of  the  blackflies,  the  identity  and  numbers  of 
species  tested  were  not  known  until  after  the  experiments  were  concluded.  The  results  for  a  particular  species 
in  an  experiment  were  not  presented  if  the  survival  of  the  species  in  the  control  channels  was  less  than  40%  or 
if  there  were  too  few  individuals  of  that  species  to  draw  reasonable  conclusions.  Five  species  were  collected  in 
sufficient  numbers  for  meaningful  analysis.  These  species  were  Cnephia  dacotensis  (Dyar  and  Shannon), 
Simulium  decorum  Walker  complex,  S.  venustum  Say  complex,  S.  verecundum  Stone  and  Jamnback  complex,  and 
S.  vittatiim  Zetterstedt  complex  (Table  2). 

Presently  there  are  no  rehable  characters  to  separate  pupal  stages  of  S.  tuberosum  (Lundstrom)  complex,  S. 
venustum  and  S.  verecundum  (Stone  and  Jamnback  1955,  Davies  et  al.  1962).  In  addition,  in  this  study  there  were 
morphological  intergrades  between  the  larvae  of  24  S.  venustum  and  5.  verecundum.  Although  the  numbers  of 
these  inseparable  individuals  were  relatively  few,  they  were  presented  as  a  separate  group  for  the  sake  of 
completeness.  This  group  may  include  pupae  of  S.  tuberosum  (because  small  numbers  of  the  species  were 
present)  but  is  likely  composed  mostly  of  S.  venustum  as  this  was  otherwise  the  most  numerous  of  the  three 
species. 

Several  patterns  emerged  from  contingency  table  analysis  of  the  acidification  experiments  (Table  2).  The  first 
was  that  survival  of  one  species,  C  dacotensis,  was  unaffected  for  four  days  at  either  pH  4.0  or  3.5  (Run  1).  The 
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second  pattern,  exhibited  by  S.  verecimdum,  was  that  pH  4.0  had  no  effect  on  survival  for  3  days  (Run  2)  and 
pH  3.5  caused  reduced  survival  (Run  3).  A  third  response  was  significantly  reduced  survival  at  both  pH  levels 
for  3  days  as  exhibited  by  .S'.  viliatwn  (Run  3).  Finally,  S.  venustitm  and  S.  decorum  yielded  somewhat  conflicting 
results.  At  pH  4.0  the  survival  of  5.  venusturn  was  unaffected  in  one  3-day  experiment  (Run  2)  but  reduced  in 
another  3-day  experiment  with  borderline  significance  (Run  3)  in  one  4-day  experiment  (Run  1).  At  pH  3.5  for 
3  days  its  survival  was  significantly  reduced  in  the  acidified  channels  (Run  3).  The  survival  of  5.  deconim  was 
unaffected  at  pH  4.0  for  3  days  (Run  2  and  3).  At  pH  3.5  its  survival  was  unchanged  when  subjected  for  4  days 
(Run  1),  but  it  was  significantly  affected  during  a  3-day  experiment  (Run  3). 

There  were  no  differences  observed  when  survival  in  acidic  conditions  was  compared  among  species  within  an 
experiment.  Only  in  the  two  experiments  of  Run  3  were  there  representatives  of  each  species  in  each  emergence 
chamber  to  satisfy  the  requirements  of  the  repeated  measures  analysis  of  variance  that  there  be  no  missing  values 
(Hand  and  Taylor  1987).  In  the  pH  4.0  experiments  the  results  of  repeated  measures  analysis  of  variance  did 
not  agree  completely  with  contingency  table  results.  The  latter  indicated  a  significantly  lower  survival  of  S. 
venusturn  (0.025  <  P  <  0.05)  and  S.  vittatimi  (0.001  <  P  <  0.005)  in  acidified  as  opposed  to  control  channels, 
whereas  repeated  measures  analysis  of  variance  indicated  that,  among  species,  blackfly  survival  between  acidified 
and  control  channels  was  not  significantly  different  (although  the  significance  level  was  borderline  at  P  =  0.0562). 
Accordingly,  since  no  species  was  significantly  affected  by  acidity  at  pH  4.0,  repeated  measures  analysis  of 
variance  found  no  significant  differences  in  tolerances  to  acidity  among  species  (P  =  0.4147).  Alternatively,  at 
pH  3.5  in  Run  3,  the  results  of  repeated  measures  analysis  of  variance  agreed  with  results  of  contingency  tables 
in  that  among  species  there  was  a  significant  difference  in  survival  between  those  in  control  and  acidified 
channels  (P  =  0.0001).  Furthermore,  repeated  measures  analysis  of  variance  also  indicated  that  there  was  no 
difference  among  species  in  the  increase  in  mortality  correlated  with  acidity  (P  =  0.3532). 

During  the  experiments  the  blackfly  larvae  matured  at  various  rates  (Table  4).  By  the  end  of  each  experiment 
the  majority  of  blackflies  were  still  in  the  larval  stage  with  the  size  of  the  majority  decreasing  with  each  successive 
experiment.   Analysis  of  variance  followed  by  Tukey's  Multiple  Range  tests  on  the  larval  head  capsule  widths 


also  indicated  that  larval  size  increased  in  successive  experiments  in  all  species  except  5.  venustum  (P  =  0.0009 
for  S.  verecundum,  P  =  0.0001  for  all  others).  It  exhibited  a  bimodal  increase,  possibly  indicating  the  presence 
of  two  generations  (5.  decorum  was  the  only  species  that  displayed  a  significantly  greater  mean  head  capsule 
width  in  the  acidified  channels  as  opposed  to  control  channels  [P  =  0.0156]).  The  rate  of  pupation  and  adult 
emergence  was  greatest  for  most  species  in  the  two  experiments  of  Rim  3  in  early  June. 

There  were  three  important  findings  on  stage-dependent  sensitivity  to  acidity  (Table  4).  First,  if  the  survival  of 
a  species  was  found  to  be  significantly  reduced  under  acidic  treatment,  the  stage  that  was  responsible  for  the 
difference  was  almost  invariably  the  larval  stage.  In  other  words,  once  the  blackflies  had  pupated,  the  acidity 
did  not  affect  their  survival.  In  fact,  pupal  survival  was  significantly  greater  in  acidified  channels  at  least  twice 
(Table  4).  Second,  the  percentage  of  pupation  overall  was  decreased  in  the  acidified  chaimels  in  all  species  but 
S.  venustum  (but  many  of  its  pupae  were  included  in  the  inseparable  group  of  5.  tuberosum,  S.  vemistum  and  S 
tuberosum).  Accordingly,  there  was  also  a  smaller  percentage  of  blackflies  emerging  from  the  acidified  chaimels. 
Third,  many  individuals  that  had  attempted  pupation  in  the  experiments  were  malformed.  The  head  and 
appendages  were  disfigured  to  varying  degrees  and  the  cocoon  was  often  incomplete  or  missing.  These  "half 
pupated  forms"  occurred  most  often  in  the  acidified  channels.  Quite  unexpectedly,  however,  their  survival  was 
often  numerically  greater  (although  significantly  greater  only  once)  in  acidified  than  m  control  channels  (see 
Chmielewski  1989). 
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DISCUSSION 

The  present  study  has  extended  our  knowledge  of  the  uncommon  tolerance  of  blackflies  to  reduced  pH  but  has 
also  indicated  that  there  are  differences  in  acid  tolerances  among  species  and  life  stages  (larvae,  pupae  and  adult) 
of  blackflies.  The  survival  of  several  species  of  blackflies  at  a  pH  of  ca.  4.0  in  the  present  study  is  in  agreement 
with  other  studies  that  have  found  blackflies  to  be  more  acid  tolerant  than  other  taxa.  Surveys  of  acidified  and 
non-acidified  streams  have  revealed  a  distinct  tolerance  of  blackflies  to  depressed  pH  relative  to  other  stream 
invertebrates  (Minshall  and  Minshall  1978,  Sutcliffe  and  Carrick  1973,  Stoner  et  al.  1984,  Simpson  et  al.  1985, 
Sharpe  et  al.  1987).  More  specifically,  Simulium  spp.  drift  rates  were  not  affected  in  a  12  hour  whole  stream 
acidification  from  a  pH  of  7.0  to  5.9,  whereas  drift  rates  of  other  taxa  increased  markedly  (Bernard  et  a/.1989). 
Simulium  spp.  drift  rates  were  also  found  to  be  unaffected  by  6  to  8-hour  depressions  of  pH  to  ca.  5.0  m 
naturally  colonized  stream  channel  experiments  (Cooper  et  al.  1988,  Hopkins  et  al.  1988).  Even  in  a  study  where 
individuals  of  Prosimulium  fuscum/mixtum  complex  (Fries)  were  transplanted  from  streams  of  pH  6.2  to  4.5  for 
4  days,  survival  was  nearly  complete  (Hall  et  al.  1988).  In  the  same  study  in  a  10-day  transplant  from  a  stream 
of  pH  5.6  to  one  of  4.5  an  80%  survival  rate  for  blackflies  was  obtained  (Hall  et  al.  1988).  It  was  not  until 
stream  pH  was  depressed  to  4.0  for  5  months  that  a  definite  negative  response  to  acidity  was  detected  in 
increased  Prosimulium  spp.  drift  (Hall  et  al.  1980).  A  similar  pH  depression  to  4.0  in  the  present  study  also 
elicited  a  negative  response  in  Simulium  vittatum  after  3  days  but  at  least  3  other  species,  Cnephia  dacotensis, 
Simulium  decorum,  S.  verecundum,  and  possibly  5.  venustum,  were  unaffected  at  this  pH  level.  Further  testing 
of  the  blackflies  revealed  even  more  specific  differences  as  C.  dacotensis  and  possibly  S.  decorum  were  the  only 
species  able  to  tolerate  a  pH  reduced  to  ca.  3.5.  Because  of  the  differences  found  among  species  in  their 
response  to  acidity,  the  importance  of  species  level  identification  in  invertebrate  toxicity  studies  cannot  be 
stressed  enough. 

Smaller  size  classes  of  other  invertebrates  are  often  the  most  sensitive  to  experimentally  lowered  pH  levels  (Allan 
and  Burton  1986,  Allard  and  Moreau  1987).  Depressed  emergence  of  stream  invertebrates  exposed  to  decreased 
pH  has  also  been  observed  (Bell  1971,  Hall  et  al.  1980,  Zischke  et  al.  1983).  Zischke  et  al.  (1983)  and  Bell  (1971) 
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concluded  that  the  emerging  insect  is  the  most  sensitive  stage,  but  their  conclusions  may  have  been  premature. 
In  stream  channel  acidification  studies  where  organisms  were  allowed  to  colonize  channels  naturally  (Zischke 
et  al.  1983),  it  was  impossible  to  monitor  survival  of  early  stages.  Bell  (1971)  used  only  mature  larvae  of  stream 
insects  in  his  laboratory  bioassays  and  therefore  should  not  have  concluded  that  the  emerging  insect  was  the  most 
sensitive  stage  without  having  tested  early  stages.  Unfortimately,  smaller  blackfly  instars  could  not  be  included 
in  this  study  either  because  smaller  mesh  sizes  could  not  be  used  due  to  problems  with  rapid  siltation.  Thus, 
no  definitive  conclusions  can  be  made  as  to  which  life  stage  is  the  most  sensitive.  However,  some  insights  into 
stage-dependent  sensitivity  of  blackflies  are  offered.  Although  there  was  Httle  emergence  data  in  these  studies, 
there  was  a  slightly  decreased  emergence  observed  in  some  species  in  acidified  channels,  results  which  support 
those  of  Bell  (1971),  Hall  et  al.  (1980),  and  Zischke  et  al.  (1983).  However,  observation  of  decreased  pupation 
of  some  species  in  acidified  channels  {Cnephia  dacotensis,  Simulium  decorum,  S.  venustum/verecundiim,  S. 
vittatuin.  Table  7)  leads  to  the  more  precise  conclusion  that,  because  fewer  blackflies  pupate  in  acidified 
conditions,  emergence  may  be  decreased. 

To  date,  no  one  has  attempted  to  rear  blackfUes  in  outdoor  stream  channels.  Difficulty  in  raising  blackfUes  has 
been  attributed  to  susceptibiUty  of  stream  insects  to  accumulated  ammonium  wastes,  and  narrow  hydrochemical, 
temperature,  current  and  food  tolerances  (Edman  and  Simmons  1985).  However,  it  is  unclear  why  three-  or 
four-day  survival  of  control  blackflies  in  this  study  was  sometimes  low,  compared  to  laboratory  studies  lasting 
up  to  several  months  (Edman  and  Simmons  1985),  although  it  is  possible  that  the  blackfly  mortaUty  observed 
in  control  channels  and  back-transplants  may  be  more  similar  to  their  natural  mortality  during  development  and 
emergence.  There  are  several  factors  that  may  have  influenced  survival.  Water  temperature  has  been  shown 
to  be  a  critical  factor  affecting  larval  blackfly  distribution  (Ross  and  Merritt  1978)  and  may  not  have  been 
optimal  during  rearing,  especially  for  some  of  the  early  spring  species  that  prefer  lower  temperatures.  Their  food 
requirements  appeared  to  be  satisfied,  as  their  guts  were  always  full.  Although  there  are  no  indications  of  such, 
perhaps  there  was  a  critical  difference  that  was  not  monitored  between  water  from  Plastic  Lake  Outflow  and 
Costello  Creek  .  Lowered  rates  of  discharge  have  also  been  foimd  to  be  an  additional  stress  confounding 
interpretation  of  results  from  acidification  testing  of  blackflies  (Hopkins  et  al.  1988).    It  may  not  have  been 
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optimal  for  all  species  at  all  times  but,  more  importantly,  the  variation  in  discharge  between  acidified  and  control 
chambers  in  Run  1  may  have  been,  in  part,  responsible  for  the  significantly  lower  survival  of  S.  venustum  in  the 
acidified  channels.  C.  dacotensis  did  not  seem  to  be  affected  in  the  same  experiment.  Perhaps  the  most 
important  point  to  consider  is  that  since  there  were  three  to  five  species  being  raised  simultaneously,  it  was 
impossible  to  meet  all  of  their  specific  requirements.  However,  any  advantages  one  species  could  have  had  over 
another  were  taken  into  account  by  repeated  measures  analysis  of  variance  because  it  was  difference  in  survival 
between  control  and  treated  of  each  species  that  was  compared,  not  just  survival  of  the  treated. 

The  increased  number  of  malformed  pupae  in  acidified  channels  clearly  indicates  presence  of  a  severe 
physiological  stress  on  blackfiies  when  subjected  to  depressed  pH  levels.  No  studies  have  assessed  direct  toxicity 
of  excess  hydrogen  ions  on  immature  blackfiies,  thus  it  is  difficult  to  point  out  the  exact  physiological  causes  of 
malformations  or  of  mortality.  However,  Hall  et  al.  (1988)  have  monitored  cation  concentrations  of  blackfiies 
cross-transplanted  from  a  site  at  pH  6.5  to  one  of  pH  4.2.  They  reported  a  significant  decrease  in  whole-body 
calcium  and  sodium  concentrations,  which  may  indicate  a  change  in  ionoregulation  with  decreased  pH  (Hall  et 
al.  1988).  The  occurrence  of  abnormal,  half-pupated  forms  are  thought  to  be  the  result  of  less  than  optimal 
rearing  conditions. 

The  stage  at  which  a  species  is  present  when  stream  pH  depressions  occur  in  an  important  aspect  of  life  history 
strategies  (see  Ross  and  Merritt  1987).  Most  of  the  blackfiies  tested  from  Costello  Creek  overwinter  in  the  egg 
stage  (Davies  et  al.  1962),  and  hatching  does  not  occur  until  mid-April  or  later  in  most  species  (Davies  et  al. 
1962),  generally  after  snow-melt.  Only  a  few  early  spring  species  may  overwinter  as  lar\'ae  including  C 
dacotensis  and  S.  vittatum,  although  there  are  conflicting  reports  for  both  (see  Hayton  1979).  These  are  the  only 
species  of  blackfly  included  in  this  study  whose  larvae  may  have  experienced  spring  snowmelt.  More  importantly, 
those  tested  were  survivors  of  the  real  snowmelt,  and  C  dacotensis  is  deemed  the  species  (of  those  tested)  most 
tolerant  to  pH  depressions.  Perhaps  because  the  majority  of  blackfiies  in  temperate  zones  do  overwinter  as  eggs 
and  miss  snowmelt  as  larvae,  they  are  more  tolerant  than  other  taxa  that  may  over%vinter  as  larvae.  The 
generally  high  larval  survival  in  acidified  channels  in  this  study  suggest  that  blackfiy  larvae  may  be  able  to  survive 
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pH  depressions  following  rain  events  subsequent  to  snowmelt.  Since  the  pupation  process  itself  appeared  to  be 
negatively  affected  by  low  pH,  insects  surviving  in  areas  of  high  acidic  deposition  need  to  delay  pupation  until 
after  snowmelt.  In  contrast,  those  species  that  are  more  tolerant  to  pH  depressions  can  occupy  early-season 
habitats  that  are  not  amenable  to  more  pH-sensitive  species.  Our  hypothesis,  then,  was  supported  by  data  for 
some  species  and  refuted  based  on  others.   Life  history  strategies  clearly  play  a  dominant  role. 
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Table  1.  Experimental  design.  Three  sets  (=  runs)  each  with  two  experiments  were  conducted.  In  Run 

2  the  experiment  at  pH  3.5  was  discarded  because  of  technical  problems.  6  channels  (3 
acidified,  3  control)  x  3  chambers/channel  x  50  blackfly  larvae/emergence  chamber  =  900 
larvae  total  per  experiment. 


Starting 

Duration 

Target  pH 

pH(s) 

Run 

Date,  1987 

(days) 

Acidified  Channels 

Control  Channels 

1 

29  April 

4 

4.0 

5.3 

(0.6) 

4  May 

4 

3.5 

5.7 

(0.1) 

2 

19  May 

3 

4.0 

5.8 

(0.0) 

22  May 

4 

3.5 

5.8 

(0.0) 

3 

12  June 

3 

4.0 

5.8 

(0.0) 

15  June 

3 

3.5 

5.9 

(0.0) 

O   "o 


•£   5 


^    "« 


E  is 


c 
an 

Q 

o. 

0) 

o 

is 

u 

-r 

T3 

.  > 

—  '5) 

B  !« 

U  U 

«^ 

•w  o 

CO  t- 

u  a. 

•G  g 

■—  j= 

c  U 


■S  3 

to    c 


1 1>° 

«=  -S  II 


^  ~  ^ 

o    i    - 


^  ^2  -o 


% 


o    o 


^        C 


I  ^ 

U      !-0 


1/-1     Ov     On 
000 


000 


iri     rH     On 
<S      t~-     00 


rf      \0      ON 

^'    10    ts 
c^    r~    o\ 


o^    'D    'fi, 


•^      CS      ^ 


f<^    \0    rO 

^'  §  ? 


5    2 


0000 
0000 
0000 


?  § 


^     (N     On     00 


ly-l  O  (N  °S 

\D  r^  ^  ^ 

00  "o  ro  1-H 

O  ON  ^  On 

ly-i  I/-)  r-  TT 


s    «    ~    s 


00     t<j     to     C/3 


_  u 


■"  'S  !— 


J-   c   2 


-o   ^ 

c 

P 

0.22) 

0.20)            0.008            <0.30         <0.04           5.26 

0.00) 

0.25)           <0.010            <0.30          <0.04            6.11 

0.09) 

0.09)            0.076            <0.30            0.21            3.47 

2.80 

0.84)            0.012              0.66           0.19           3.52 

0.06) 

0.00)           <0.010            <0.30            -                3.09 

0.10) 

1.58)          <0.010              1.36           -               4.06 

^1 

2   2        S  gg 

vd    U-.           d    <^i 

P!  S       8  g 

d>    d>          do 

S  8       §8 

d    d          d    d 

d    d          d    d 

f^     (^             o     t^ 
00    r^           -c    i~^ 

mo           mo 

ON     p              p     S 

2  j 

So          So 

S.  2-       2-2- 

c<i    o           (S    r^ 

do          d    ^ 

s  s      s  s 

d    d          2-2- 
^    so           o^    m 
d    d          d    d 

o    S          So 
do          d    d 

d    d          d    d 

6  -©3 

2-2-       ^3 

ly-j       ON                   O       ^ 
<M     <N               —     VO 

do          ==    !2, 
1^    r^          o    o 

ON      On                 ^      O 

O      O               00      (S 
^      (^1               O     >/1 

2-2-        C-  2- 
2   8         ^2 

1::? 

o    o            o    »- 
do          do 

do          d    d 

::;  2      ::  S 

o    d          do 

=3S 

S  So        S  ?! 

f^     r^             O     O 
so     r^              •-;     <5 

r-     oc            <^    <^ 

3     --V 

00      ^                f*^      00 

?^  P       K  P 

d    d          d    d 

£~S2 

S  8       ?i  8 

2  ;^      ?!  Pi 

?!  8       f^  5 
2  2        g  R 

c    J 

— *    m            u^    o 
o    o          ^    o 
^    o          do 

S  S        :^  2 

d    d          d    d 

§  S        8  2^ 

d    d          do 

M    at, 

a.  E 
<  ^ 

S  2        S  8 
qj    d         9    S 

V)    oo"          f^  r^ 

VO      O               O     O 

do          d    d 

<N    ON          mo 
d    d          '^    "T 

o    S          So 
do          d    d 

w-i    p^           m    f*^ 
d    d          "f    !2 

o    o            S    S 
do          d    d 

"E. 
E 

1 

c 

a: 

1 

c                IS 

O                       o 

iri     wS            •»     m 

8 

c           :h 

8            S 

00       On                   ^       "O 

lA    u-i           •»    m 
2     c           2     c 

1 

8                  a 
m 

60 

u 

_e 

C 

re 

|S 

o 

"3 

'm 

'-3 

> 

B 

,c 

<o 

3 

k« 

d. 

Q. 

J3 

re 

^ 

H 

o 

k- 

c/i 

C 

o 

.5 

B 

re 

o  o        o  o        o  o 


t-~  a\        fS  f^        OS  en 


•5 -35 


o        r^'-i        T-Hcs        001-1        i> 


■s  <^    re 


w 

,^ 

o 

re 

J3 

ID 

re 

H 

o. 

"o 

3 

c 

c/5 

o. 

c 
re 

o  o        o  o 


o  o        ^  o 


ro  00  o 


Hs 

c 
o 

(£   T3 

o 

•s'" 

■^  "O 

re    e 

_e 

3 

^U 

re 

> 

"rt  ^ 

o   s    a 

i^       (75      -^ 


J3    -=      60  r. 


^ 

z 

3 

u 

L= 

J5 

re 
> 

_re 

XI 

E 

3 
C 

2 

'S 

c 
c 
re 

^ 

-o 

60 

LS 

re 

o 

0^ 

60 -O 

U 

re 

'0 

o 

^ 

t/i 

re 

"o 

^ 

u<      u<     u<      u<      u< 


"i 


^   -^  Tt   (N  r<^  m 


f^  r-i         00  "^ 


^         oc  r^         oc  •<3- 


^    >0  o    i^  Cn    " 


m        ■^  (~~        o  o 


00   o 

O    O  _         - 


o  o        o  >o 


O   O  CO 


(N    \C  '-' 


^°    ?^ 


u  <      u  < 


U<        U<        U<        U< 


FIGURES 

Figure  1  Stream  channels  and  cylindrical  containers  used  to  measure  survival  of 

larvae  and  pupae  and  emergence  of  adult  blackflies  in  the  experimental 
acidification  studies.  Channels  were  located  on  Plastic  Lake  Outflow 
(PL)  in  Haliburton  Co.,  Ontario  and  blackfly  larvae  were  collected  from 
Costello  Creek  (CC),  Algonquin  Park,  Ontario  (inset).  See  text  for 
details  on  construction  and  operation.   Arrows  indicate  water  flow. 
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